). In subfamily Thalictroideae of Ranunculaceae, three major groups were recognized by molecular data (1) Thalictrum, Leptopyrum, Paropyrum, and Paraquilegia; (2) Urophysa, Semiaquilegia, and Aquilegia; and (3) Dichocarpum, Enemion, and Isopyrum (Wang and Chen 2007; Wang et al. 2009 ). At the same time, tremendous progress has been made in understanding the floral organogenesis of Ranunculaceae, including floral morphology and development (Endress 1995; Wang and Ren 2008; Ren et al. 2009 Ren et al. , 2010 Ren et al. , 2011 Zhao et al. 2011, 2012a, b, and references therein; Erbar and Leins 2013; Erbar 2014) . The Thalictroideae offers a wealth of opportunities to study comparative floral development both in morphology and gene expression (Tucker and Hodges 2005) . However, floral organogenesis of the Thalictroideae has been reported for only a few genera (Aquilegia, Semiaquilegia, Enemion, Dichocarpum and Thalictrum) (Feng et al. 1995; Tucker and Hodges 2005; Ren et al. 2011 ). In the Urophysa-Semiaquilegia-Aquilegia group, flowers of Aquilegia possess morphological innovations, namely elaborate petal spurs and staminodes which are located between stamens and carpels, that are well suited to the investigation of key questions about evolutionary development.
Aquilegia has become a new model for studies of plant development, ecology, and evolution (Hodge 1997; Kramer 2009; Sharma et al. 2014) . In contrast to knowledge about Aquilegia, a detailed study of the floral organogenesis of Urophysa, which may be of great help in elucidating its systematic affinities within Ranunculaceae, had not been conducted. Since the species was rediscovered, however, studies have been done on its habitat (Liu et al. 2007 (Liu et al. , 2009 Du et al. 2010) , vegetative anatomy (Wang and He 2011; Wang et al. 2011) , genetic diversity (Zhang et al. 2013a ) (Zhang et al. 2013b ) and seed dispersal and germination.
The aims of the present study were to (1) determine the floral morphology and development D r a f t 5 of Urophysa rockii and (2) compare the results with those of related genera in the Ranunculaceae. For SEM (scanning electron microscope) studies, 60 floral buds were dissected and dehydrated in an ethanol and iso-amyl acetate series, critical-point dried in CO 2 , and then sputter-coated with gold. SEM micrographs were taken with a HITACHI S-4800 or S-3500 scanning electron microscope.
Materials and methods

Flower
For light microscopy (LM) studies, flowers at different developmental stages were dehydrated in an alcohol and propylene oxide series and embedded in Epon812. Twenty embedded floral buds were sectioned at 1-2 µm. The sections were stained with 0.1% toluidine blue in dH2O (w/v) and examined with a Leica DMLB microscope. Other flower material was embedded in paraffin, sectioned 6-8 µm thick, and stained with hematoxylin.
Photographs of mature flowers were taken with a Nikon Coolpix S8000 digital camera (Figs. 
D r a f t
Results
Flower morphology
The 15 anthetic flowers were ca. 2 cm in diameter, terminal and solitary, bisexual and polysymmetric (Figs. 1B and 1C) . The perianth was comprised of 5 sepals and 5 petals. The sepals were blue to white, obovate to broadly elliptic, and ca. 20 mm long. The petals were yellow, elliptic navicular, with obtuse apex, ca. 6 mm long with a ca. 2 mm long spur. In the center of the flower, there were 10 lanceolate staminodes, 30 stamens, and 5 carpels. All organs were free (Figs.
1B and 1C).
Floral phyllotaxis and organ initiation
Sepal primordia are initiated in a clockwise or counterclockwise spiral sequence with an average divergence angle of ca. 137° between two successive primordia, and they are broad, crescent-shaped, and truncate ( Fig. 2A) . The plastochron is relatively long between the last sepal and the first petal (Fig. 2B) . The floral apex enlarges considerably and remains a highly convex dome shape throughout the period of development (Figs. 2C-G) . The petal, stamen, staminode, and carpel primordia are initiated as non-simultaneous whorls with a relatively short plastochron, and they are very similar in shape at the very young stages of development, i. e. narrow, hemispherical, and round (Figs. 2B-G). The stamens form ten regular alternate orthostichies, which include five petal-based and five sepal-based stamens. The staminode primordia appear at the top of each orthostichy, and they resemble the stamen primordia but are much smaller (Figs. 2E-G) and flatter (Fig. 4A) . The five carpel primordia appear almost synchronously (Fig. 2G ), after which a residual floral apex remains but is later hidden by the developing carpels (Figs.
In later developmental stages, the young sepals enlarge and enclose all the other floral organs (Fig. 2K) . In contrast, the development of the petals is delayed, and they expand after the stamens are differentiated into anthers and filaments (Figs. 2K and 2L) . Petals are at first disk-like, then a depression appears in the middle ventral portion of the petal (Fig. 3A) . Two inconspicuous bulges appear and soon fuse with the margin of the petal to form a transverse ridge (Fig. 3B ). With the depression becoming much deeper, a pocket-like spur is formed gradually (Figs. 3C, 4C-4E).
Each spur elongates, and nectariferous tissue forms inside the spur (Figs. 3D, 4B and 4F).
Each young stamen quickly differentiates into a long filament and a much shorter anther (Fig.   3E ). The anthers are basifixed and have longitudinal dehiscence (Fig. 3F ). There are some special stamens with broad and wrinkled filaments (Fig. 3G ), which are similar to the staminodes (Figs.
3I-3K). The pollen is tricolpate (Fig. 3H) . From histological observations of three stamens in a longitudinal series (Fig. 5A ), we determined that the sequence of microsporogenesis is centrifugal, because the innermost stamen (St 1 ) had pollen grains (Fig. 5b) , the second one (St 2 ) was in the post tetrad stage (Fig. 5C ), and the outmost one (St 3 ) had tetrads (Fig. 5D ).
The development of the carpel is plicate. First, a median longitudinal groove appears on the ventral side of each young carpel, causing it to become horseshoe-shaped (Fig. 3L ). The carpel margins expand and become appressed early, but the suture remains visible externally and extends the full length up to the stigma (Fig. 3M) . Later, the dorsal side of the carpel becomes rounded and the distal part elongates into an attenuate style and stigma (Figs. 3N and 3O) . As the style becomes slightly reflexed backwards, a decurrent stigma covered with unicellular papillae differentiates on the margins of the carpel tip (Fig. 3P ).
Ovule primordia are initiated along the margins of the carpel, and they are arranged like the teeth of a zipper (Fig. 6A ). As each young ovule elongates, it gradually becomes digitate. The inner integument is initiated at mid-length and forms a regular ring (Fig. 6B) . The ovule plus the funiculus start to bend inwards (Fig. 6C) , and the outer integument is initiated beneath the inner integument shortly after (Fig. 6D) . The ovules bend further downwards. The inner integument remains annular, whereas the outer integument is obviously semi-annular (Fig. 6E) . With the development of the ovule, the rim of the inner integument becomes slightly lobed (Figs. 6D and 6E) , and the lobes become obvious in the mature ovule (Fig. 6I ). As the outer integument gradually becomes hood-shaped, an appendage consisting of unicellular papillae appears at the base of the ventral side of the funiculus and on the placenta (Fig. 6F) . Later, the appendage extends along the lateral sides of the funiculus and becomes thicker on the placenta. The appendage on each ovule enlarges, fuses with that of the neighbouring ovule, and finally becomes a raphe-shaped appendage on the placenta that surrounds the funiculus (Figs. 6G and 6H ). The mature ovule is anatropous and bitegmic, and it is almost parallel to the funiculus and completely fuses with it. The micropyle is formed by a four-lobed inner integument, and the rim of the outer integument also is slightly lobed (Figs. 4H and 4I ).
Discussion
Aspects of flora development
The sepals in Urophysa rockii are initiated spirally, but the initiation sequence of other organs is whorled. However, the five petals have different sizes in the early developmental stages. The same situation occurs in the stamens and ten staminodes. Therefore, the initiation sequence of petals, D r a f t 9 stamens and staminodes in U. rockii is non-simultaneous whorled, which is similar to Aquilegia yabeana (Ren et al. 2011) . The floral phyllotaxis in Urophysa rockii is whorled, which is the same as in other genera of Thalictroideae (Schöffel 1932; Feng et al. 1995 (Wang and Chen 2007) . In Dichocarpum, the appendage appears on the upper part of the ventral side of the funiculus, and about two-thirds of the funiculus fuses with the ovule body. In Aquilegia and Thalictrum the appendage appears from the placenta and the funiculus, and the funiculus completely fuses with the ovule body; the inner integument in Thalictrum is longer than the outer one (Wang and Ren 2008) . In Urophysa, the appendage appears from the placenta and the funiculus, and the outer integument is longer than the inner one, which is similar to Aquilegia and Semiaquilegia (personal observations by L Z, Table 1 ). Therefore, we agree with the opinion that Aquilegia, Semiaquilegia and Urohpysa have close genetic relationships (Wang and Chen 2007) .
Urophysa has a close relationship to Aquilegia and Semiaquilegia
Our study showed that a close affinity of Urophysa with Aquilegia and Semiaquilegia is supported by several floral developmental and morphological features: (1) whorled floral phyllotaxis; (2) broad and crescent-shaped young sepals; (3) a relatively long plastochron between the last sepal and the first petal; (4) narrow and rounded petal and stamen primordia; (5) Development of the staminodes. L-P. Development of the carpels.
Abbreviations: P = petal; Ss = staminode. Scale bars: A-D, L-P =100um; E-G = 1mm; H = 10um;
I-K = 300um. 
